Abstract As climate changes, suitability zones for the cultivation of some crops may shift. In Northeast China (NEC), it is critically important for the agricultural community (e.g. farmers, advisors) to understand the potential shift in suitable cropping zones for spring maize in order to adapt to climate change. The potential climatic suitability can be defined as how actual temperature and solar radiation conditions match the requirements of crop growth under non-limited situations. Here, we used yield potential to reflect the potential climatic suitability, which is determined by the characteristics of crop, solar radiation, temperature, and photoperiod, given the assumption that water, nutrients, pests, and diseases are not limiting the crop growth. We assessed the annual yield potential of spring maize during 1961-2010 in NEC with APSIM-Maize. And then we analyzed the variations in potential climatic suitability zones and the possible effects of these variations on maize production potential. The results show that growing degree-days (GDD) during the growing season for spring maize universally increased in all the locations of this study during the period of 1981-2010 (period II) as compared to the period of 1961-1980 (period I). A total of 66 % of the locations show a decrease in accumulated sunshine duration (ASD) during the growing season during period II as compared to period I. Both coefficient of variation (CV) of GDD and CV of ASD showed an increase during period II as compared to period I. Under the background of climate change, the potential climatic suitability for spring maize was worsened during the most recent five decades: the yield potential declined and the yield stability decreased. In particular, most of the very suitable zone in Jilin and Liaoning during period I turned into suitable or moderately suitable zone during period Climatic Change (2016) II. Meanwhile, the total area of marginally suitable zone and no suitable zone increased by 16 % during period II as compared to period I. We detected a close correlation between the decrease in ASD and the decrease in potential climatic suitability, R = 0.56, p < 0.01. We also found a close correlation between the increase in GDD and the decrease in potential climatic suitability, R = −0.25, p < 0.05. Given the same crop varieties and farming management, the total production potential for spring maize in the entire NEC reduced by 4.3 % during period II as compared to period I.
Introduction
Climate change is expected to affect both regional and global food production through changes in the overall agro-climatic conditions (Trnka et al. 2011 ) because crop development directly depends on climate (Almaraz et al. 2008) , especially temperature (Lobell and Burke 2010; Lobell et al. 2011) . Northeast China (NEC) is one of the regions which are the most significantly affected by climate change (Sun et al. 2006; Zhao et al. 2009 ). Annual average temperature in NEC increased by 0.38°C per decade, annual precipitation decreased by 9 mm per decade, and sunshine duration decreased by 42 h per decade during the past 50 years (Liu et al. 2009b) . The NEC Plain is considered as one of the three global 'Golden-Maize-Belts'. In 2012, the total area planted with maize in NEC was 10,680,000 ha, and the regional maize production accounted for 33.8 % of the national maize production. Maize production in NEC directly influences the national maize production (Yang et al. 2007 ). Influenced by global warming, the growing degree-days (GDD) has increased by 200-400°C·d during the potential growing season for spring maize (Jia and Guo 2009) , and spring maize was planted 2-10 days earlier in 2000s compared to the 1960s (Li et al. 2011) . With the prolonged growing season and expanded potential cropping area for spring maize, the northern limit for early-maturing maize hybrids has expanded northward by 2°N, and the middle-and late-maturing maize planting limit moved eastward by 1°E (Liu et al. 2013a) . During the past three decades, the potential yield of spring maize increased and tended to decrease from west to east and from north to south He and Guo 2012; Zhong et al. 2012) .
As climate changes, suitable zones for the cultivation of some crops may shift. For farmers and advisors, it is critically important to understand these changes in order to develop shortand long-term adaptation strategies with limited resources (Araya et al. 2010; Benke and Pelizaro 2010; Holzkämper et al. 2013 ). Many previous researchers have used traditional methods of climate classification to evaluate the climatic suitability for crops. Based on the ecological theory about crop growth, the most relevant climatic indices were selected to construct evaluation models (Araya et al. 2010; Lai et al. 2011; Liu et al. 2009a; Luo et al. 2004; Pu et al. 2011; . With the wide application of '3S' technology (including remote sensing, geographic information system, and globle positioning system) and crop models, GIS and computer models have been used in cropping suitability research (Adejuwon 2005; Ahamed et al. 2000; Ashraf 2010; Bandyopadhyay et al. 2009; He and Zhou 2012; Venette and Cohen 2006) . The potential climatic suitability is defined as the extent to which actual temperatures and solar radiation (uncontrollable factors in the crop production industry) satisfy the requirements of crop growth without considering other limiting factors. A potential climatic suitability study could offer scientific evidence for promoting the cropping distribution under the background of climate change, for the sake of maximizing the efficiency of irrigation water, fertilizer and so on.
Yield or productivity is the basic input for the production analysis and impact assessments as well as vulnerabilities and adaptation estimation (Adejuwon 2005) . Yield potential is the yield of a cultivar when grown in environments to which it is adapted, with nutrients and water non-limiting and with pests, diseases, weeds, lodging, and other stresses effectively controlled (Evans and Fisher 1999; Grassini et al. 2011 ). Yield potential is mainly determined by the characteristics of crop, solar radiation, temperature, and photoperiod, assuming that water, nutrients, pests, and diseases are not limiting the crop growth. Yield potential reflects the potential climatic suitability for crops under non-limited conditions. However, the grain yield stability would also influence food security , and changes in climatic conditions are among the major factors causing crop grain yield fluctuation Isik and Devadoss 2006) . Therefore, a comprehensive consideration of the yield potential and yield stability is more effective, but not yet fulfilled. The regional potential climatic suitability reflected by yield potential and yield stability could provide a scientific basis about where it's possible to improve the grain yield and yield stability with additional input.
In this study, we used APSIM-Maize to assess the annual yield potential of spring maize for widely cropped cultivars during 1961-2010. Then we analyzed the yield potential and yield stability for spring maize. The aim of this study includes: (1) To investigate the variation in GDD and sunshine duration during the growing season for spring maize, and the geographical shift of the northern limit of spring maize planting zone during the period of 1981-2010 as compared to the period of 1961-1980. (2) To understand the variation in potential climatic suitability for spring maize during the two different periods (1961-1980, and 1981-2010) and how the potential climatic suitability correlated with different climatic indices. (3) To quantify the effect of variation in potential climatic suitability on maize production in NEC.
Datasets and methods

Climate data
The study region is NEC, which includes the three provinces of Heilongjiang, Jilin, and Liaoning. Historical climate data during the period of 1961-2010 were obtained from the China Meteorological Administration climate data-sharing service system, including 74 meteorological stations (Fig. 1) . The observed daily weather elements include: mean temperature, maximum temperature, minimum temperature, average relative humidity, minimum relative humidity, wind speed, precipitation, and sunshine duration. Previous research pointed out that mean air temperature significantly increased in the 1980s in NEC (Ren et al. 2005) . Therefore, we used the year 1981 to divide the study period of 1961-2010 into two sub periods: period I (1961 I ( -1980 I ( ), and period II (1981 I ( -2010 .
Climatic indices
The period with daily mean temperature consecutively greater than 10°C was defined as the growing season for spring maize (Chen et al. 2012) . Five-day moving average method was used to determine the beginning and ending date of the growing season (Qu 1990) .
The accumulated daily GDD during the growing season was used to quantify the temperature resource. Heat wave has rarely been reported in NEC, so we did not set an upper threshold for the GDD calculation (Lobell et al. 2011; Ma et al. 2006) , as seen in Eqs. (1) and (2). The accumulated sunshine duration (ASD, unit: hour) during the growing season for spring maize was used to evaluate the solar radiation resource.
where DD t is daily GDD on day t,°C·d; T is daily mean temperature,°C; T base is base temperature for spring maize, and we used 10°C in this study (McMaster and Wilhelm 1997; Yang et al. 2007) ; and a and b stand for the beginning and ending date of the growing season, day of year. Coefficient of variation (CV) is the ratio of the standard deviation to the arithmetic mean, and reflects the degree of deviation for a dataset (Yu 1991) . Higher CV indicates less stability (Dobermann et al. 2003) . CV of GDD and CV of ASD were calculated based on Eqs. (3) and (4). Mean GDD, mean ASD, CV of GDD, and CV of ASD were calculated during the two sub periods for the 74 study locations. And the indices values were interpolated across the potential maize cropping area in NEC.
where S i is the standard deviation of the index during period i, x ij is the index value in year j during period i, n is the number of years during period i, x i is the arithmetic mean of the index during period i, and CV i is the coefficient of variation of the index during period i.
Yield potential
APSIM-Maize was used to simulate crop development and grain yield under potential conditions in NEC (Liu et al. 2012a ).
According to the observed phenology, the aboveground dry matter, and the grain yield data from the agro-meteorological experiment stations in NEC, we calibrated the cultivar parameters with a trial-and-error method and validated the cultivar parameters with the method from Liu et al. (2012a, b) . In those chosen agro-meteorological experiment stations, high-yield hybrids were used and strict management practices were followed. Simulated variables were compared with the observation record, including flowering date, maturity date, total aboveground dry matter, and grain yield. For the grain yield variable, we compared accumulated GDD from emergence to end of juvenile stage, accumulated GDD from flowering to maturity, maximum grain numbers per head, and grain-filling rate. Based on the crop parameters (Table SI 1 ) and soil data (Table SI 2) from China Soil Scientific Database, we inputed historical climate data during the period of 1961-2010 in APSIM-Maize, and ran the model with the optimal plant density and sowing depth to quantify the yield potential of spring maize. In order to maintain a water or nitrogen stress free environment for the potential yield simulation, we used the auto irrigation and auto fertilizer settings in APSIM-Maize. Shifting sowing dates and changing cultivars are effective measures to adapt to climate change in NEC (Liu et al. 2013a) . In order to exclude the impact of these changes on grain yields in crop modeling, the actual sowing dates for experiment stations were averaged within each province, and the same maize cultivar was used for the entire study period at each experiment location. In APSIM-Maize, sowing dates were set as May 6 for all study locations in Heilongjiang, May 1 for locations in Jilin, and April 20 for locations in Liaoning.
Potential climatic suitability
In this study, we calculated mean yield potential and CV of yield potential during different periods for the 74 study locations. The CV of yield potentianl was calculated based on Eqs. (3) and (4). High-stable coefficient (HSC) of yield potential, as described in Eq. (5), was used to evaluate the potential climatic suitability. Greater HSC of yield potential indicates higher yield potential and higher yield stability (Wang and Li 1998; Wen and Zhang 1994) , in other words, higher potential climatic suitability for spring maize.
where HSC i is the high-stable coefficient of yield potential during period i for a specific location, x i is the arithmetic mean of yield potential during period i for a specific location, S i is the standard deviation of yield potential during period i for a specific location, and x is the arithmetic mean of yield potential during period i for all the locations in this study. We adopted the FAO recommendation (Fischer et al. 2002) to classify the potential climatic suitability into five categories, and the method of cumulative frequency distribution (CFD) was used:
where CFD is cumulative frequency distribution of yield potential during period i, F i is the number of locations with HSC of yield potential greater than the lower threshhold and lower than the upper threshhold during period i, and F is the number of the stations in the potential maize cropping areas in NEC.
According to the CFD in Table 1 , the threshhold values of HSC of yield potential grading were calculated. In order to get the region-level data, we used inverse distance weighting (IDW) method in ArcGIS (Supplementary Material) to interpolate the HSC of yield potential based on the location data. Based on the grading values, the potential maize cropping area was divided into five potential climatic suitability zones.
Cropland area and total production potential
Based on the county level cropland area during 2001-2010 from the Statistical Yearbook of the three provinces, we calculated the mean cropland area in each county. We assumed that the mean cropland area in each county during 2001-2010 could be applied to the study period of 1961-2010. Therefore, the cropland area of potential climatic suitability zone was calculated based on Eqs. (7) and (8): where CLA ij is the cropland area of potential climatic suitability zone i in county j, LA ij is the land area of potential climatic suitability zone i in county j, CLA j is the cropland area in county j, LA j is the land area in county j, CLA i is the cropland area of potential climatic suitability zone i in NEC, and n is the number of counties in the potential maize cropping area in NEC.
In each potential climatic suitability zone, total production potential was calculated as the arithmetic product of mean yield potential for all locations in the zone and the cropland area in the zone (we assumed that all the cropland area were used to plant spring maize).
Statistical analysis
We used partial correlation analysis to measure the correlations between variation in HSC and variations in a series of climatic indices, including mean GDD, mean ASD, CV of GDD, and CV of ASD.
Percentage changes in yield potential, cropland area, and total production potential for spring maize during period II as compared to period I were calculated based on Eq. (9).
where Δ i is the percentage change in index Y during period II as compared to period I, Y I is the arithmetic mean of index Y for all the locations during period I, and Y II is the arithmetic mean of index Y for all the locations during period II.
Results
Variations in GDD and ASD
During the period of 1961-2010, both of GDD and ASD during the growing season for spring maize showed a decrease from southwest to northeast in NEC (Fig. 2a, b, d and e) . All the locations of this study showed an increase in GDD: the range of mean GDD ranged from 1882 to 3586°C·d during period I and from 2086 to 3812°C·d during period II (Fig. 2c) . Nevertheless, a total of 66 % of the locations showed a decrease in ASD. From period I to period II, the range of ASD changed from 794 to 1555 h to 813-1522 h. Spatially, CVof GDD showed an increase from southwest to northeast (Fig. 2g and h ), so did CVof ASD (Fig. 2j and  k) . Terporally, CV of GDD showed an increase over a total of 64 % of the locations. CV of ASD showed an increase in a total of 80 % of the locations. The stability of GDD and ASD both went down.
Variations in potential climatic suitability for spring maize
Based on the comprehensive analysis of variation in the northern limit of potential cropping area for spring maize (Fig. SI. 1 ), variation in yield potential ( Fig. SI. 2) , and variation in yield stability (Fig. SI. 3) , we derived the variations in potential climatic suitability for spring maize during period II as compared to period I (Fig. 3) . Spatially, potential climatic suitability for spring maize was higher in the western part than the eastern part of NEC duirng 1961-2010. In particular, potential climatic suitability for maize was the lowest in northern Heilongjiang and (Fig. 3a) . Meanwhile, the S and MS zones account for 13 % and 16 % of the regional land area, and were mainly located throughout most of Liaoning, central Jilin and the western region of Helen-Suihua-Shangzhi in Heilongjiang, respectively. Compared with period I, the VS zone was scattered in western Jilin and Liaoning, occupying only 2 % of the entire regional land area and replaced by the S and MS zones in period II (Fig. 3b) . Meanwhile, the areas of mS and NS zones increased by 8 % and 8 % of the entire regional land area in period II (Fig. 3) .
Correlations between HSC and climatic indices
Compared with period I, a total of 71 % locations showed a decrease in HSC of yield potential for spring maize during period II, by the amplitude of 0.01-0.46. The potential climatic suitability for spring maize in NEC decrease during the most recent three decades as compared to the two decades before that. A statistically significant (p < 0.01) partially correlation was detected between variation in HSC (ΔHSC) of yield potential and variation in GDD (ΔGDD), R = −0.42 (Fig. 4a) . A statistically significant (p < 0.01) partially correlation was also detected between ΔHSC of yield potential and variation in ASD (ΔASD), R = 0.56 (Fig. 4b) . The partial correlation between ΔHSC of yield potential and variation in CV of GDD (ΔCV of GDD) was statistically signifiant at p < 0.05, R = −0.25 (Fig. 4c) . Only a weak partial correlatioin between ΔHSC of yield potential and variation in CV of ASD (ΔCV of ASD), R = −0.08, yet it was not statistically significant (p > 0.05) (Fig. 4a) . We concluded that increase in GDD, decrease in ASD, and increase in CV of GDD (Fig. 2c, f , and i) were closely related to the decrease in potential climatic suitability for spring maize in NEC. In NEC, the total yield potential in all potential climatic suitability zones for spring maize decreased by 4.1 % duirng period II as compared to period I. Although the regional cropland area for spring maize (assuming the cropland area is only used for spring maize planting) increased by 2.5 % during period II as compared to period I, we found that the area of VS zone decreased by 92.5 %. As a result, the regional total production potential for spring maize dropped by 4.3 % during period II as compared to period I, which was equal to 125,734 tons of maize grains (Table 2) .
Discussion
During 1961-2010, temperature increase during the growing season for spring maize caused a northern expansion of potential cropping zone for maize in NEC (Fig. SI. 1) . We found that potential maize cropping area had increased, which is consistent with some other studies (Jia and Guo 2009; Liu et al. 2013a; Zhao et al. 2009 ). From the perspective of climatology, growing season was lengthened in NEC (Chen et al. 2012; Liu et al. 2009b) , and this could provide an advantage for middle-and late-maturing-type varieties to increase the grain yield without considering other limits (Liu et al. 2013a; Zhao et al. 2009 ). Particularly in Jilin, spirng maize yield would increase by 9.8 % if early-maturing cultivar was replaced by middle-maturing cultivar, and by 7.1 % if middlematuring cultivar was replaced by late-maturing cultivar (Liu et al. 2013b ). Nevertheless, there are some potential risks of doing this: increased incidents of weather extremes like chilling damage, and drought etc. Zhao et al. 2014b) .
In this study, we simulated the yield potential of spring maize to reflect the potential climatic suitability limited by temperature and solar radiation. As indicated by HSC of yield potential, the potential climatic suitability for spring maize decreased from west to east in NEC, and the lowest potential climatic suitability was in northern Heilongjiang and eastern Jilin. In this study, we used the index of HSC of yield potential to define the potential climatic suitability for spring maize in NEC, and the geographical distribution of suitable zones we found was in accordance with the distribution of major maize cropping area according to the reported yield statistics (Zhang et al. 2009 ). Therefore, we confirmed that the index of HSC of yield potential is suitable for the analysis of potential climatical suitability zones for spring Table 2 The mean yield potential, cropland area, and total production potential for spring maize during the two sub periods of 1961-2010 in Northeast China, as well as the percentage changes in yield potential, cropland area, and total production potential for spring maize during period II as compared to period I (the sums for all column are set in italics) Yield potential per hectare maize in NEC. It's worth to mention that, we did not consider some other factors that could affect the grain yield in practice, such as economy, social perception, and politics, etc. Water deficiency can be a main limiting factor for spring maize grain yield in those areas which has less than 500 mm precipitation during the growing season (Liu et al. 2012a) . In one of our other researches, we analyzed the climatic suitability zones for spring maize in NEC based on rainfed yield potential (Zhao et al. 2014a ). The highest climatic suitability was detected in southern Jilin and eastern Liaoning, where growing season precipitation was more than 500 mm; and the lowest climatic suitability was detected in western Jilin, which indicated that the grain yield level and yield stability for spring maize could be improved with additional input like as irrigation water. In terms of adaptation to climate change, selecting new cultivars and changing crop management may be effective measures (Liu et al. 2013a; Lv et al. 2013) . During the past 27 years, earlier planting dates caused an increase of up to 4 % in the regional spring maize grain yield, whereas long-season cultivars caused a 13 % to 38 % increase in the regional spring maize grain yield in NEC (Liu et al. 2013a ).
As climate changes, the suitable zones for various crop production may shift (Lane and Jarvis 2007) . Climate warming could expedite crop growth and shorten the growing period for maize (Liu et al. 2012a (Liu et al. , 2013a Wang et al. 2010) , which would negatively impact the grain yield without considering the changes in cultivars, cultivation, and management. In this study, we found a decrease in potential climatic suitability for spring maize in NEC (Fig. 3) , and that was closely correlated with the increase in average GDD, decrease in average ASD, and increase in CVof GDD (Fig. 4) . According to China's National Assessment Report on Climate change, the temperature is very likely to increase and climate fluctuations will be more intense in the 21st century. Based on the results in this study, projected warming in GDD and increases in CV of GDD and CV of ASD would deteriorate the potential climatic suitability for spring maize in NEC. In practice, in order to improve farming management and invest in more facilities, it is essential to investigate the distribution pattern of potential climatic suitability for spring maize in the future climate scenarios.
We studied variations in the geophysical distribution of potential climatic suitability for spring maize in NEC, aiming to provide a scientific basis for the improvement of spring maize production. Although there are some limitations of this research: not digging into the climatic reasons for variation in potential climatic suitability from the perspective of weather dynamics; not normalizing the categorization of potential climatic suitability throughout the study region during the study period; not considering the different roles in yield potential and yield stability might play when calculating the HSC; and not addressing the other possible factors which might affect the spring maize grain yield in NEC, like water and fertilizer availability, local production condition, Chinese government policies about agricultural production and agricultural market.
Conclusions
During 1961-2010, there was an increase in GDD but a decrease in ASD during the growing season for spring maize in NEC. Both CV of GDD and CV of ASD increased during period II as compared to period I, indicating that there was a decrease in the stability of climate resources of temperature and solar radiation. In the context of climate change, potential climatic suitability for spring maize demonstrated a decreasing trend from 1961 to 2010. In particular, the area of VS zone for spring maize decreased by 16 % during period II as compared to the period I. Meanwhile, the total area of MS zone and NS zone for spring maize increased by 16 %. The climatic indices of GDD, ASD and CV of GDD were found to be closely correlated with the potential climatic suitability for spring maize. Without considering any changes in seed varieties, and cultivation, management, the regional total production potential for spring maize decreased by 4.3 % during period II as compared to period I, assuming that all cropland were planted with spring maize in NEC.
